From high resolution spectra of 61 cool dwarfs and giants, Mg isotopic abundance ratios 
Introduction
Studies of the chemical evolution of the Galaxy seek a full understanding of the chemical composition of objects -past and present -throughout the Galaxy. Much of the observational data have been provided by stars now in the solar neighborhood whose ages and places of birth may differ considerably from our Sun's present location and age. Elemental abundances observed in large samples of disk stars (e.g., Edvardsson et al. 1993; Reddy et al. 2003) , extremely metal-poor stars (e.g., McWilliam et al. 1995; Ryan et al. 1996) , and the general halo population (e.g., Fulbright 2000) have provided insights into the cycle of star formation, evolution, and death that has controlled the composition of gas in the Galaxy. Theoretical efforts (including Timmes et al. 1995 , Goswami & Prantzos 2000 , and Alibés et al. 2001 ) present predictions of the evolution of elements from carbon to zinc where the basic ingredients in these models of Galactic chemical evolution include stellar yields, the initial mass function, and the star formation rate. The success of a model can be gauged by how accurately the predictions match the observational data. In turn, the observations can be used to constrain the models. The magnesium isotopes present a rare opportunity where the evolution of isotopic abundances can be measured to test directly models of Galactic chemical evolution.
The stable isotopes of Mg consist of the dominant
24 Mg and the neutron-rich minor isotopes 25 Mg and 26 Mg. Massive stars produce 24 Mg in their carbon and neon burning shells before their deaths as Type II supernovae . Helium burning is responsible for the synthesis of the less abundant isotopes via 22 Ne(α, n) 25 Mg(n, γ) 26 Mg. The production of the heavier Mg isotopes relies upon the abundance of 22 Ne which is set primarily by the initial abundances of C, N, and O. A consequence of the H-burning CNO cycle is that in equilibrium, 14 N is the dominant nuclei whose abundance is essentially equal to the initial abundances of C+N+O. Successive alpha captures on 14 N can then produce 22 Ne, the seed from which 25 Mg and 26 Mg are synthesized. Therefore, the yields of 25 Mg and 26 Mg are predicted to increase with increasing metallicity. Yields calculated from massive stars indeed verify the increase of the neutron-rich Mg isotopes with increasing metallicity.
Beginning with Boesgaard (1968) , the relative abundances of the Mg isotopes have been measured in stars from analyses of MgH lines. Tomkin & Lambert (1980) provided the first evidence that metal-poor stars possess low ratios of 25 Mg/ 24 Mg and 26 Mg/ 24 Mg from an analysis of the subdwarf Gmb 1830. Later studies of the stellar Mg isotopes include those conducted by Barbuy (1985) , Lambert & McWilliam (1986) , Barbuy et al. (1987) , and McWilliam & Lambert (1988) . Recently, Gay & Lambert (2000) Timmes et al. (1995) model of the solar neighborhood in which the Mg isotopes were produced by massive stars. Gay & Lambert also demonstrated that some stars show convincing and unusual excesses of the heavier Mg isotopes relative to other stars of the same [Fe/H] . In several of these unusual cases, a s-process enrichment was also evident. This suggests that these peculiar compositions were a direct consequence of contamination of the star (or the star's natal cloud) by ejecta from intermediate mass asymptotic giant branch (AGB) stars. Sufficiently massive AGB stars experience thermal pulses (He shell flashes) leading to the reaction 22 Ne(α, n) 25 Mg (e.g., Iben 1975 and Forestini & Charbonnel 1997) . The neutrons released from this reaction can then enrich the envelope in s-process elements along with 25 Mg and 26 Mg. Gay & Lambert (2000) measured Mg isotopic ratios in 20 stars. Prior to Gay & Lambert, Mg isotopic ratios had been measured in about 20 stars. In this study, we report Mg isotopic abundance ratios for 61 stars. Our measurements extend in metallicity down to [Fe/H]=−2.5 in order to investigate the evolution of the Mg isotopic ratios at low metallicities.
Observations and data reduction
A dedicated search for cool subdwarfs was conducted to provide suitable targets to extend the Mg isotopic measurements below [Fe/H]≃ −1.5; the stars (dwarfs and giants) known to have [Fe/H]< −1.5 are all too warm to provide MgH lines of adequate strength to measure the isotopic ratios. For the selection criteria, analysis, and further details regarding the search for cool subdwarfs see Yong & Lambert (2003a) (hereafter Paper I). For [Fe/H] < −1.5, the neutron-rich isotopes are only expected to provide a small contribution to the total Mg abundance, 25, 26 Mg/ 24 Mg < 0.05. The target stars should therefore have strong MgH lines in order to measure the neutron-rich minor isotopes. A useful feature of the MgH molecule is that the strength of the MgH lines does not strongly depend on metallicity. Cottrell (1978) showed that for sufficiently cool stars, a decrease in the metal abundance will weaken the atomic lines whilst the MgH lines remain strong.
The stars listed in Table 1 were observed at McDonald Observatory on the 2.7m Harlan J. Smith telescope between November 1999 and April 2002. The data were obtained using the cross-dispersed echelle spectrometer (Tull et al. 1995) at the coudé f/32.5 focus with a resolving power of R ≡ λ/∆λ = 60, 000 (4 stars were observed with a resolving power of about R = 35, 000). The detector was a Tektronix CCD with 24 µm 2 pixels in a 2048 × 2048 format. This setting provided spectral coverage from 3800Å to 8900Å with gaps between the orders beyond 5800Å. When necessary, multiple 20-30 minute exposures were co-added to increase the signal-to-noise ratio (S/N). Although varying from star to star, the typical S/N of the extracted one-dimensional spectra was 90 per pixel at 5140Å. One dimensional wavelength calibrated normalized spectra were extracted in the standard way using the IRAF 2 package of programs.
The stellar parameters and uncertainties were derived in Paper I and the procedure will be repeated briefly here. The equivalent widths of Fe i and Fe ii lines were measured using routines in IRAF. The gf -values of the lines were taken from Lambert et al. (1996) and from a compilation by R.E. Luck (1993, private communication) . We adopted NEXTGEN model atmospheres for low-mass stars computed by Hauschildt et al. (1999) interpolating within the grid when necessary. We made use of the LTE stellar line analysis program MOOG (Sneden 1973) to calculate the abundance of each Fe line based on the measured equivalent width. Effective temperatures (T eff ) were set from the requirement that the abundances of individual Fe lines be independent of lower excitation potential. The microturbulence was set by insisting that the abundances of individual Fe lines show no trend against equivalent width. By forcing agreement between the Fe abundance derived from neutral and ionized lines, the gravity was fixed. This process required iteration until a consistent set of parameters was obtained from which the Fe abundance was determined from the mean of all Fe lines. Estimated uncertainties in the model parameters are δT eff =150K, δlog g=0.3 dex, δξ t =0.3 km s −1 , and δ[Fe/H]=0.2 dex. We comment later upon the influence of these uncertainties upon the derived isotopic ratios.
The Galactic space-velocities of the sample were also derived in Paper I. In Figure 1 we plot U (positive towards the Galactic center), V (positive in the direction of Galactic rotation), and W (positive towards the north Galactic pole) corrected for the solar motion with respect to the local standard of rest (LSR) versus [Fe/H] . For the solar motion with respect to the LSR, we adopted the Dehnen & Binney (1998) values (+10,+5,+7) km s −1 in (U,V,W). An important point that will arise later is that in order to find metal-poor stars, our targets were selected due to their large reduced proper-motions and a majority are kinematically distinct from the thin disk.
A subset of stars listed in Table 1 was not analysed in Paper I. Seven stars, 5 giants and 2 dwarfs, were observed in August 2000 on the 2.7m Harlan J. Smith telescope with a resolving power of R = 120, 000 and a typical S/N = 150 per pixel at 5140Å. A 20Å window around 5135Å was observed. The stellar parameters for these stars were taken from the literature as shown in Table 1 . A further 7 dwarfs were observed with R = 60, 000 and a typical S/N = 200 per pixel at 5140Å in February 2003 on the 2.7m Harlan J. Smith telescope. The stellar parameters for these stars were derived in Yong & Lambert (2003b) using the method outlined in Paper I also described above. These 7 stars were selected to have the kinematics of the thin disk with metallicities close to the solar value.
Analysis
The isotopic wavelength splitting in lines from the MgH A-X bands near 5140Å is small and so the 25 MgH and 26 MgH lines are never fully resolved. Instead, 25 MgH and 26 MgH contribute a red asymmetry to the main 24 MgH line. Accordingly, synthetic spectra are generated and fitted to the observed spectrum to derive the isotopic ratio. High resolving powers and high signal-to-noise ratios are essential for measuring the Mg isotopic ratios. Our analysis techniques follow the method used by Gay & Lambert (2000) and McWilliam & Lambert (1988) . Many MgH lines are present in the spectra of cool stars, though few are suitable for isotopic abundance analysis due to blending by identified and unidentified lines. Our Mg isotopic abundance ratios are derived from 3 MgH lines. In Figure 2 , we show a region of the spectrum that includes these 3 MgH lines which are a subset of the lines recommended by McWilliam & Lambert (1988) for extraction of reliable Mg isotopic ratios. These 3 features are identical to those used by Gay & Lambert (2000) and are shown in more detail in Figure 3 . The feature at 5134.6Å is a blend of the Q 1 (23) and R 2 (11) lines from the 0-0 band. The red asymmetry on the MgH features is due to the presence of 25 MgH and 26 MgH. The slightly weaker MgH features on either side of the 5134.6Å line also exhibit red asymmetric wings though spectrum synthesis reveals that these lines suffer from contamination and reliable isotopic ratios cannot be extracted from them (Tomkin & Lambert 1980 ). The recommended feature at 5138.7Å is a blend of the 0-0 Q 1 (22) and 1-1 Q 2 (14) MgH lines. The final recommended feature at 5140.2Å is a blend of the 0-0 R 1 (10) and 1-1 R 2 (4) MgH lines.
To determine the Mg isotopic abundance ratios, synthetic spectra were produced using MOOG and fitted to the three MgH features. Our list of atomic and molecular lines was identical to the Gay & Lambert (2000) list and included contributions from C, Mg, Sc, Ti, Cr, Fe, Co, Ni, and Y. The wavelengths of all isotopic components were taken from McWilliam & Lambert (1988) and were based on direct measurements of an MgH spectrum obtained using a Fourier transform spectrometer by Bernath et al. (1985) . The instrumental profile was determined from Th lines in the spectrum of the Th-Ar comparison lamp. The broadening due to macroturbulence was estimated by fitting the profiles of unblended lines of comparable depth to the MgH lines. The chosen lines were Ni i at 5115.4Å and Ti i at 5145.5Å where typical values for macroturbulence were 1.5-4.0 km s −1 (see Figure 4) . These 2 lines gave the same macroturbulence within 0.25 km s −1 and the larger value was adopted if there was a disagreement. Both the macroturbulent and instrumental broadening were assumed to have a Gaussian form. We adjusted the Mg abundance to best fit the depths of the MgH lines. Mg was the value which provided the best fit to all 3 recommended features. The best fit was determined by eye and the differences between the observed spectra and the best-fitting syntheses were similar for all stars. The derived Mg isotopic ratios are presented in Table 1 .
In Figure 5 , we compare the observed and synthetic spectra for G 9-13, a subdwarf with [Fe/H] In Figure 6 , we show the comparison of the observed and synthetic spectra for LHS 2715, a subdwarf with [Fe/H]=−1.56. The MgH lines are very strong in this star. The best fitting Mg isotopic ratio is 88:7:5. This ratio provides an excellent fit to all three recommended features. Note again the poor fit of the pure 24 Mg mix to all the MgH lines. Unsatisfactory ratios 82:10:8 and 97:1:2 are overplotted to give an indication of the measurement uncertainties. Other MgH lines adjacent to the recommended features show stronger red asymmetries indicating the presence of unidentified blends.
In Figure 7 , we plot observed and synthetic spectra for PLX 5805, a subdwarf with [Fe/H]=−1.72. This star also has strong MgH lines, though not quite as strong as those seen in LHS 2715. This difference is likely due to the T eff difference rather than the difference in metallicity. The best fitting isotopic ratio is 97:1:2 which again provides a good fit to all 3 recommended features. Within the uncertainties, the pure 24 Mg synthesis also provides a reasonable fit to the data. An unsatisfactory ratio 88:7:5, the isotopic mix that fits LHS 2715, is overplotted to highlight the measurement uncertainties. (This star was observed at R=35,000.)
When fitting synthetic spectra to observed line profiles, sources of error include continuum fitting, microturbulence, macroturbulence, identified and unidentified blends. To understand the effects of these errors, we generated a synthetic spectrum assuming T eff =4300K, log g=4. 26 Mg = 94:3:3, and R=60,000. We added noise to the synthesis to produce a spectrum with S/N=100 per pixel. We then treated this artificial spectrum as real data. Assuming the correct input parameters (T eff , log g, ξ t , macroturbulence, [Fe/H]) our best fitting ratio to the artificial spectrum was 96:2:2. Incorrect choices for T eff , gravity or metallicity equally affect the 24 MgH, 25 MgH, and 26 MgH lines and so the measured isotopic ratios are quite insensitive to the adopted model parameters. For strong lines, the microturbulence would affect the derived isotopic ratio as the strong 24 MgH line is more sensitive to the adopted microturbulence compared to the weaker 25 MgH and 26 MgH lines. We increased the microturbulence by 0.5 km s −1 and measured 97:1:2. We decreased the continuum by 0.5% and measured 96:2:2. We increased the macroturbulence by 0.5 km s −1 and measured 97:2:1. An identical test was performed on a synthetic spectrum generated assuming T eff =4800K, log g=4. There are 6 stars in common with the Gay & Lambert (2000) sample, almost a third of their sample. In Table 2 , we compare the Mg isotopic ratios derived in the two different studies. Since the analysis techniques are essentially identical, the differences between the two studies can be attributed mainly to the quality of the data. The Gay & Lambert data are superior in both resolution (R = 150, 000 versus R = 60, 000) and S/N (150 versus 90 per pixel). The agreement is excellent for the 6 stars common to both samples, particularly for the ratio 26 Mg/ 24 Mg. Gay & Lambert state that their errors are around b±2 and c±2 when expressing the ratios as 24 Mg: 25 Mg: 26 Mg = (100-b-c):b:c. That is, our estimated errors are 50% larger than those reported by Gay & Lambert which reflects the difference in data quality.
In Table 3 , we compare 5 Mg isotopic ratios measured in giants with those reported by Shetrone (1996) . Shetrone's data were taken at R = 60, 000 with S/N ranging from about 80 to 160 per resolution element. Our data were taken at R = 120, 000 with S/N around 150 per pixel (210 per resolution element). More importantly, the Shetrone study employed a different set of MgH lines to derive the isotopic ratios. Although Shetrone could not distinguish the contribution of 25 Mg from 26 Mg, we find a fair agreement for 3 stars. For the other 2 stars we find a poor agreement with Shetrone's values due to the different data quality and choice of MgH lines.
Discussion

Observed trends
The evolution of the Mg isotopic ratios with metallicity is shown in Figures 8, 9 Gay & Lambert showed that at a given [Fe/H], there was a scatter in the isotopic ratios exceeding the measurement errors. For our sample, we confirm the spread in 25,26 Mg/ 24 Mg and the dispersion appears to increase with increasing metallicity. Figures 8 and 9 show a real scatter at low metallicity. Earlier we plotted observed and synthetic spectra for 2 stars with similar metallicities and atmospheric parameters LHS 2715 ([Fe/H]=−1.56) and PLX 5805 ([Fe/H]=−1.72). The best fitting ratio to LHS 2715 is 88:7:5 and the best fitting ratio to PLX 5805 is 97:1:2. In Figure 6 , we overplot the ratio 97:1:2 upon the spectrum of LHS 2715 to show that it provides a poor fit. Likewise in Figure 7 , we overplot the ratio 88:7:5 upon the spectrum of PLX 5805 and find that it provides a poor fit. At higher metallicity, Figure 11 shows that the scatter certainly exceeds the measurement errors. In this figure, we plot the observed spectra of 2 stars with similar metallicities, BD +4 415 ([Fe/H]=−0.63) and LP 734-54 ([Fe/H]=−0.66) and almost identical atmospheric parameters. The measured isotopic ratios are 81:10:9 for BD +4 415 and 66:18:16 for LP 734-54. The best ratio for BD +4 415 provides a very poor fit when compared with the observed spectrum of LP 734-54. Similarly, the isotopic ratio offering the best fit to LP 734-54 provides a poor fit to the observed spectrum of BD +4 415. In short, there is a real scatter in the measured Mg isotope ratios at low and high metallicities.
For a given metallicity, our stars generally exhibit higher isotopic ratios ( An assumption of classical atmospheres is that of homogeneous layers. Suppose the real atmosphere consists of cool and hot columns with MgH lines strongly represented in the spectrum of the former but more weakly in the latter. The continuum from the hot columns dilutes the MgH lines from the cool columns. In analysing the combined spectrum of the cool and hot columns with a classical atmosphere, one underestimates the level of saturation of the MgH lines and overestimates the 25 Mg/ 24 Mg and 26 Mg/ 24 Mg ratio for those stars in which the MgH lines are strong. Just such an effect was suggested by Lambert et al. (1971) to account for a report of high (non-terrestrial) isotopic ratios from spectra of sunspot umbrae; the bright umbral dots seen in high-resolution images of sunspots serve as the hot columns in this example. Velocity differences between cool and hot columns and within a column would be an additional factor not included in our analysis, but the isotopic shifts are several times the expected Doppler shifts arising from stellar granulation. A thorough analysis of MgH (and other) lines from the weakest to the strongest might shed light on the extent of the inhomogeneities. It should be noted that stars of very similar atmospheric parameters may show quite different isotopic ratios suggesting that, if a failure of classical atmospheres is the responsible factor, that the inhomogeneities are not simply dependent on effective temperature, surface gravity, and metallicity.
Departures from LTE could lead to systematic errors in the isotopic ratios. Suppose that the line source function exceeds everywhere the local Planck function. Then, the ratio of the 25 MgH and 26 MgH line to the 24 MgH line will be less than expected in LTE. An LTE analysis of these lines will likely result in a systematic overestimate of the isotopic ratios. The fact that the scatter in isotopic ratios among the stars is present for almost identical stars, independent of effective temperature and present in dwarfs and giants suggests that departures from LTE are not a major influence on the derived ratios.
Model predictions
Three different models predict the evolution of the elements from carbon through zinc, including the Mg isotopes: Timmes et al. (1995) (hereafter TWW1995), Goswami & Prantzos (2000) (hereafter GP2000), and Alibés et al. (2001) (hereafter ALC2001). Underpinning each of these models are assumptions regarding the dynamical evolution of the Galaxy, the initial mass function, the star formation rate, and the stellar yields. We will briefly compare and contrast various assumptions between the three different models with an emphasis on those that would affect the predicted evolution of the Mg isotopic ratios. Of the major ingredients, only the stellar yields can be calculated from first principles, though particular reaction rates may be plagued by uncertainties. For massive stars that die as Type II supernovae, all three models rely upon the yields that include all isotopes of Mg along with Fe. TWW1995 also consider the contribution from intermediate-to low-mass stars that become planetary nebulae and intermediate-to low-mass stars that become Type Ia supernovae. TWW1995 assumed a Salpeter initial mass function and a dynamical model for the Galactic disk. The GP2000 study differs from TWW1995 by using "appropriate models for both the halo and disk" along with the Kroupa et al. (1993) initial mass function "which presumably describes the distribution of stellar masses better than the Salpeter IMF". GP2000 deliberately neglect the contribution from intermediate mass stars in order to gauge "to what extent those stars (or other sources) are required to account for the observations." ALC2001 also treat the halo and disk independently and use "metallicity-dependent stellar yields for the whole range of stellar masses considered". ALC2001 also adopt the Kroupa et al. (1993) initial mass function. For all three models, the Type II and Type Ia supernovae are responsible for the production of Fe whereas the Type II supernovae are responsible for the production of the Mg isotopes. The TWW1995 predictions offer a reasonable fit to observed elemental abundances (e.g., Mg, Si, and Ca) provided the Fe yields from Type II supernovae are reduced by a factor of 2. The observed elemental abundances (e.g., Mg, Si, and Ca) are reproduced by both the GP2000 and ALC2001 predictions.
In Figures 8, 9 , and 10 we overplot the TWW1995, GP2000, and ALC2001 predictions along with our measured Mg isotopic ratios and the Gay & Lambert (2000) measurements. The three predictions are qualitatively similar which is unsurprising as all three models rely upon the same source for yields from massive stars. Mg are consistently higher than the predictions. The discrepancy is unlikely to stem from incorrect values for [Fe/H] as errors exceeding 0.6 dex would be required and in Paper I we showed that our derived metallicities agreed with published values. One possibility for accounting for the low predictions is that the yields from massive stars may underestimate the production of 25 Mg and 26 Mg. In our current sample there is evidence that below [Fe/H]=−1.5 the Mg isotope ratios are higher than the predicted plateau. Observations of more Mg isotopic ratios at low metallicities, around the predicted plateau, would prove a powerful tool for testing theoretical yields from massive metal-poor stars. Another possibility for explaining the low predictions for 25,26 Mg/ 24 Mg, one previously raised by Gay & Lambert, is that there is an additional source of the minor Mg isotopes. AGB stars can produce the neutron-rich isotopes and their role will be discussed in the following section. We stress that none of the models include the contribution to 25 Mg and 26 Mg provided by the ejecta from intermediate mass AGB stars. Therefore, the model predictions should be regarded as a lower limit to the observed Mg isotopic ratios. Indeed, these predictions provide a good fit to the lower envelope.
We re-emphasize a point made by Gay & Lambert regarding the predicted Mg isotopic ratios. The assumed mass cut for Type II supernovae affects the amount of Fe that is ejected while the amount of lighter elements ejected, including Mg, are unaffected by the position of the mass cut. Adjustments to the mass cut have the effect of translating the predicted value of 25,26 Mg/ 24 Mg along the [Fe/H] axis. Both GP2000 and ALC2001 take the TWW1995 suggestion that the Fe yields from Type II supernovae need to be reduced by a factor of 2 in order to match observations. This corresponds to a factor of 0.3 in the log and translating the TWW1995 predicted curve to lower metallicity effectively superimposes all predictions shown in Figures 8 and 9 . Likewise, the assumed ratio of Type II to Type Ia supernovae exerts control over the shape of the predicted curve. Type II supernovae synthesize and eject the Mg isotopes and iron whereas Type Ia supernovae return iron to the interstellar medium (ISM). Most nucleosynthetic predictions show that Type Ia supernovae produce one or two orders of magnitude less Mg than Type II supernovae. Different initial mass functions offer distinct ratios of Type II to Type Ia supernovae affecting both the onset of the increase in the isotopic ratios as well as the slope of the predicted curve. We note that such adjustments cannot explain the scatter in the isotopic ratios and would adversely affect the fits to the observed run of elemental abundances (e.g., Mg, Si, Ca) with respect to Fe.
Role of AGB stars
None of the predictions from the Galactic chemical evolution models take into account the yields of Mg from AGB stars. In all of the papers describing the models, a discussion is included to acknowledge and recognize that intermediate mass AGB 24 Mg. This envelope is then ejected as the star becomes a planetary nebula enriching the ISM with the neutron-rich Mg isotopes. In contrast to supernovae which eject material at high velocities (∼5,000 km s −1 ), AGB stars eject gas at low velocities (∼10 km s −1 ). The ejecta from AGB stars may therefore be confined to a more localized region and inhomogeneities in the ISM are possible until the ISM is mixed by supernovae. The timescale for star formation relative to mixing in the ISM is then an important factor. Stars formed from a region of the interstellar medium recently polluted by massive AGB stars will therefore be enriched in 25 Mg, 26 Mg, and s-process elements.
Gay & Lambert (2000) measured overabundances of 25 Mg and 26 Mg in a number of stars known to have higher than usual abundances of s-process elements. These elemental and isotopic compositions are consistent with the idea that the stars' natal clouds were enriched by ejecta from intermediate-mass AGB stars. One star in our sample, BD +5 3640, has already been shown to be a CH star (Tomkin & Lambert 1999 Intermediate mass AGB stars are expected to eject N-rich material along with the neutron-rich Mg isotopes and s-process elements. HD 25329 is overabundant in N (Carbon et al. 1987) , s-process elements (Beveridge & Sneden 1994) , and 25,26 Mg (Gay & Lambert 2000) . Ventura et al. (2002) calculated yields from low-metallicity AGB stars including the effects of hot bottom burning. They find enhancements of N by a factor of 30 despite "conservative assumptions on the third dredge up". However, repeating the above exercise of mixing 200 parts ambient material to 1 part AGB ejecta would not produce a significant enhancement of N. Since stars are known to be N-rich and overabundant in 25, 26 Mg, the models may require more realistic assumptions about the third dredge up or a smaller dilution factor.
We have unveiled the crucial role played by AGB stars in the chemical evolution of globular cluster NGC 6752 (Yong et al. 2003 ). This cluster contains stars which display a significant star-to-star abundance variation in O, Na, Mg, and Al. At one extreme of the abundance variation, "normal" stars have elemental compositions similar to field stars at the same metallicity ([Fe/H]=−1.6) that are well explained by ejecta from metal-poor massive stars dying as Type II supernovae. However, the Mg isotopic ratios found in these "normal" cluster giants ( Figures 8 and 9 . We refer to these stars as polluted because their compositions are well explained by ejecta from AGB stars of the same metallicity as the cluster.
Which stellar population?
Earlier we mentioned that our sample was kinematically selected such that a considerable fraction have Galactic space velocities and Fe abundances indicative of halo or thick disk stars. At low metallicities, the models predict the Mg isotopes for halo stars. At high metallicities, the predicted Mg isotopic ratios are for the thin disk whereas our kinematically selected sample of higher metallicity stars likely contain a mix of thick and thin disk stars. In effect, we may be comparing two different stellar populations: predictions for thin disk stars and measurements from thick disk stars. In Figures 8 and 9 , the solar Mg isotopic ratio appears rather low relative to the isotopic ratios in stars with similar metallicities. Is this due to the sample's bias to thick disk stars? The seven stars observed in February 2003 were selected to be dwarfs around solar metallicity with thin-disk kinematics. All seven stars had Mg isotope ratios similar to the solar values (see Table 1 ). This suggests that the sun is a representative member of the thin disk. Gilmore & Reid (1983) first measured the scale height of the Galactic thick disk and since then many efforts have been devoted to characterizing the thick disk population. Recent work (e.g., Fuhrmann 1998 , Prochaska et al. 2000 , Feltzing et al. 2003 , Mashonkina et al. 2003 , and Reddy et al. 2003 Not only are these thick disk stars chemically different from the thin disk, consideration of their space velocities also reveals systematic differences. Figure 13 shows the effect of our selection criteria which is biased against thin disk stars. The Toomre diagram of our stars shows that only 15 of the 75 stars are likely thin disk stars with U 2 + V 2 + W 2 ≤ (50 km s −1 ) 2 . All stars with 26 Mg/ 24 Mg ≥ 0.2 lie in the range −150 ≤ V(km s −1 ) ≤ −50 and 0 ≤ (U 2 +W 2 ) 1/2 (km s −1 ) ≤ 150 which is the region of the Toomre diagram from which candidate thick disk stars are selected (e.g., Fuhrmann 2000 and Feltzing et al. 2003) .
In Figure 14 , we separate our sample according to their kinematics and plot the ratio 26 Mg/ 24 Mg versus [Fe/H] . A striking trend is evident when we consider only those stars with (U 2 + V 2 + W 2 ) 1/2 ≤ 50 km s −1 . For these stars, the Mg isotope ratio 26 Mg/ 24 Mg is in excellent agreement with the predictions. The small scatter about the predicted curve may be entirely attributable to the measurement uncertainties. It should be noted that the scatter in abundances (i.e., [X/Fe]) at a given [Fe/H] is also very small for thin disk stars for X=C to X=Eu (Reddy et al. 2003) . These stars are almost certainly members of the thin disk based on their kinematics and metallicities. Next we consider stars with 50 km s −1 < (U 2 + V 2 + W 2 ) 1/2 ≤ 100 km s −1 . While some of the sample are in good agreement with the predictions, others exceed the predictions. The stars in this sample extend to lower metallicities than the (U 2 + V 2 + W 2 ) 1/2 ≤ 50 km s −1 sample. Based on the kinematics and metallicities, these stars are a mix of thin and thick disk stars. Now we consider stars with 100 km s
A small fraction of the sample show good agreement with the predictions with the remaining stars exceeding the predictions. The stars in this kinematic range exhibit the largest spread in the Mg isotope ratios and the largest spread in [Fe/H] . Presently, the scatter in elemental abundances (i.e., [X/Fe]) at a given [Fe/H] is not well known for the thick disk. It is small for halo stars. These stars are a mix of halo and thick disk stars with the possibility that some stars may belong to the high velocity tail of the thin disk distribution. Finally we consider the stars with (U 2 + V 2 + W 2 ) 1/2 > 150 km s −1 . About half the sample are in good agreement with the predictions while the other half exceed the predictions. These stars span a smaller range in [Fe/H] than the 100 km s −1 < (U 2 + V 2 + W 2 ) 1/2 ≤ 150 km s −1 sample and the total spread in Mg isotope ratios is also smaller (the highest value belongs to the CH star BD +5 3640). This sample contains halo stars and possibly some thick disk stars.
Stars we unambiguously identify as thin disk members have Mg isotope ratios in excellent agreement with predictions with little scatter about the predicted curve. When we consider a sample of stars that contain a mix of thin disk, thick disk, and halo stars, the Mg isotope ratios show a large scatter including stars that greatly exceed the predictions. The high Mg isotopic ratios may come from thick disk stars. Let us assume that Type II supernovae are almost entirely responsible for the iron abundance with little, if any, contribution from Type Ia supernovae. Under this assumption, Type II supernovae are responsible for the Fe and Mg. From the 
Scatter
Attributing the scatter in Mg isotopic ratios at a fixed [Fe/H] to different fractions of Type II supernovae to AGB ejecta in the star-forming interstellar clouds is an appealing idea. Yet, there is an alternative which may be as plausible and appealing.
The yield of 25 Mg and 26 Mg (relative to 24 Mg) in Type II SN ejecta is firmly expected to be dependent on the stars' initial composition, as explained earlier. ( We assume here that the composition and initial mass of a star are the key parameters. If other factors -angular momentum, for example -are relevant, the argument that follows is weakened.) The yield of 24 Mg is only slightly dependent on the initial composition of the massive stars. Relative to the 24 Mg yield, yields for some elements will vary little with initial metallicity, e.g., Si and Ca, i.e., α-elements. Yields for other elements will be metallicity dependent, e.g., Na and Al.
Consider now the case in which stars form in interstellar clouds contaminated to differing degrees with Type II SN ejecta. If the ejecta provided to all clouds come from stars of the same initial composition, the Mg/H ratio of the stars will be high for stars from severely contaminated clouds and lower for those stars from lightly contaminated clouds. Abundance ratios such as Mg/Si and 26 Mg/ 24 Mg may be almost independent of the degree of contamination.
More likely than this simplest of scenarios is the case of clouds contaminated to differing degrees by supernovae ejecta from stars of different initial metallicity. The stars born in these clouds will show different Mg/H ratios but abundance ratios such as Mg/Si may vary little across the stellar sample because their respective yields are only weakly dependent on initial metallicity of the supernovaes' progenitors. In contrast, a ratio like 26 Mg/ 24 Mg comprised of species whose relative yields are metallicity dependent will vary across a sample of stars of the same Mg/H. This scenario is presumably most relevant to clouds of low initial metallicity and least relevant to clouds of high metallicity.
An assessment of the applicability of this simple idea as a partial explanation for the scatter in Figures 8 and 9 must await the full abundance analyses of our stars. A few comments are offered.
For thin disk stars, the scatter in the Mg isotopic ratios is not detectably greater than the errors of measurement. This is not a surprising result because the stars are among the most metal-rich of our sample and, hence, formed from clouds contaminated by several generations of supernovae. More directly, elemental abundance ratios at a given [Fe/H] show no intrinsic scatter across a large sample of thin disk main sequence stars (Reddy et al. 2003) . Elements investigated include those whose yields from Type II supernovae are dependent on the massive stars' initial composition. Stars with [Fe/H] ≤ −1.5 show a spread in the Mg isotopic ratios from the very low values predicted from metal-poor massive stars to values (say, 26 Mg/ 24 Mg ∼ 0.05) representative of supernovae ejecta from stars more metal-rich than the observed metallicity of our stars. Our simple scenario implies that the supernovae feeding these stars' natal clouds had a composition Z ≃ 0.01. It may be possible to test this conjecture using abundance ratios such as Na/Mg, as indicated above. By using several such ratios, it should be possible also to differentiate between Mg isotopic ratios resulting from our scenario and those attributable to contamination of natal clouds by ejecta from AGB stars.
The scenario cannot, however, account for the stars with the highest Mg isotopic ratios, say 26 Mg/ 24 Mg ≥ 0.2. These demand either unexpectedly high isotopic ratios from Type II SN or contamination of the star (or its natal cloud) by ejecta from an intermediate mass AGB star. Again, close scrutiny of a suite of elemental abundances should be helpful.
Non-zero ratios at low metallicity
We claimed that 6 stars below [Fe/H]=−1.5 have non-zero Mg isotope ratios, 26 Mg/ 24 Mg > 0.05. Our uncertainties in the isotope ratios include errors in the model parameters and errors in the fits and even allowing for these uncertainties, our Mg isotope ratios still exceed the predictions (Figures 8 and 9) . At low metallicities, the predictions from all three models are essentially identical since they all make use of the massive star yields. As a consequence of primary production of the neutron-rich Mg isotopes, the models predict a low, but non-zero, plateau in the ratios 25, 26 Mg/ 24 Mg. While more observations are required to confirm that the measurements exceed the predicted plateau, two possibilities exist. Either the supernovae yields are in error or intermediate mass stars contribute ejecta to low metallicity gas.
If intermediate mass stars contribute their ejecta to low metallicity gas, then the ratio 26 Mg/ 24 Mg will also exceed the predictions discussed earlier. These AGB stars may also leave another signature, enhancements in s-process elements, that may be used to identify the origin of the enhanced 25, 26 Mg. Ultimately, in order to fully explore either scenario, more measurements of Mg isotope ratios at low metallicities are essential. [Fe/H] . We compared the evolution of the Mg isotopes with predictions from models of Galactic chemical evolution where the Mg isotopes are the product of massive stars. The comparison highlights that, in general, our observed ratios exceed the predictions. Inclusion of the ejecta from AGB stars, known to synthesize and eject the neutron-rich minor Mg isotopes, may reconcile the observations and predictions. There is a scatter in the observed ratios that exceeds the measurement uncertainties and the scatter increases with increasing metallicity. Our kinematically selected sample may contain a considerable fraction of thick disk stars. The comparison between our observed ratios and the predicted ratios for the disk is then effectively a comparison between two different stellar populations. Regardless of whether we have observed thin and/or thick disk stars, around solar metallicity the Mg isotope ratios range from solar to more than twice the solar value. Mg isotope ratios in thin disk stars (identified kinematically) show an excellent agreement with the predictions with little scatter about the predicted curve. Tomkin & Lambert (1999) have already demonstrated that this is a CH star. Presumably thick disk stars would be readily identified by an excess in alpha elements whereas stars contaminated by AGB ejecta may be marked by overabundances in s-process elements. At this preliminary stage, we do not see either signature in the stars. Though isotopic ratios are unaffected, uncertainties in our stellar parameters may mask subtle differences in elemental abundances.
Concluding remarks
Below some critical metallicity, the AGB stars will not have had time to evolve and eject their material into the ISM. Metal-poor dwarfs formed from early material will then have compositions reflecting nucleosynthesis in prior generations of massive metal-poor stars. Observations of isotopic ratios in the range [Fe/H] < −2.0 offer the opportunity to test predicted yields from massive metal-poor stars. Is there a plateau in the Mg isotopic ratios at low metallicities as predicted from the models? If the plateau exists, does it agree with the predicted value? There is evidence that our observed ratios are higher than predictions below [Fe/H]=−1.5. Further observations of Mg isotopes in the range [Fe/H]< −2.0 will also show when intermediate mass AGB stars begin contributing to the Galactic chemical evolution. These observations offer the chance to refine our understanding of stellar nucleosynthesis. However, these cool metal-poor stars must first be identified. We are continuing to search for low luminosity cool metal-poor dwarfs.
Not only should the search for metal-poor dwarfs be continued, but a parallel investigation should be made of the appropriateness of the standard method of analysis -classical model atmospheres, LTE etc. One simple test would be to measure by the standard methods the Mg isotope ratio in main sequence stars from an open cluster, say the Hyades. In such a sample, it is plausible to assume that the stars are chemically homogeneous. A variation of the Mg isotope ratios with effective temperature would then signal the presence of systematic errors afflicting the standard methods of analysis. Then, the challenge would be to identify those errors. (2000) values.
There is a good agreement particularly for the ratio 26 Mg/ 24 Mg.
